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1. 
Aspects of the Physiology of Hlue-green Algae 
by 
Marston C. Sargent 
In a study of the process of photosynthesis in blue-
green algae two possibilities are uppermost in the invest-
igator's mind. one of these is that the assimilatory 
process may differ from that found in green plants because 
of the presence of the accessory blue pigment. this has 
been the opinion of many investigators since .t5ngelmann sub-
mitted evidence on the point fifty years ago. lt is even 
possible that the blue pigment has a function similar to 
that of .chlorophyll. The other possibili~y is that the 
assimilatory process in blue-green algae may be peculiar 
because in the cells of this group, the pigments are dis-
tributed (or aggregated) otherwise than in green plants. 
If this is the case, a sufficiently refined study of the 
process should yield information about photosynthesis · in 
general. lnextricably bound up with photosynthesis in 
this class of algae is the subject of color changes, 
changes in the kinds and amounts of pigments in the cells 
under different conditions. 
Studies of the physiology of the blue-green algae 
have hitherto been hampered by (1.) the difficulty of iso-
lating species favorable for experimentation, \2.) ~he 
difficulty of finding a medium for their growth which will 
assure an abundance of healthy uniform material and l3.J 
2. 
the lack of an adequate technique of experimentation. The 
last need has been abundantly supplied by the technique 
worked out by Warburg. An account of the solution of the 
other two problems will be the subject of the next chapter. 
For a proper understanding of the results of this re-
search and of the difficulties in the way of attaining 
them, a description of some features of the biology of 
blue-green algae will be necessary. This will be given in 
the next section. Previous work on those aspects of the 
physiology of these plants with which this paper princi-
pally deals will be discussed in later chapters where it 
can be compared with the original work described. 
General Biology of the Blue-green Algae 
I. 
The blue-green algae seldom occur as solitary cells. 
A majority of the species are filamentous, and of the re-
mainder, nearly all grow in more or less loose colonies 
held together by extensive gelatinous sheaths. In Gloeo-
capsa the sheath may have twenty-five times the volume of 
all the cells enclosed. In the exposed situations on 
rocks and other bare surfaces in which these organisms 
grow ;no re profusely than any other algae, the function of 
the sheaths in preventing water-loss is easy to understand. 
Cells growing in submerged habitats often have t hinner 
sheaths. This opens the tempting possibility that under 
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appropriate conditions of cultivation, the organism~ might 
be grown with very thin sheaths or none, but so far these 
conditions have not been realized. By mechanical means, 
the large aggregates which arise under all conditions fav-
orable for growth, may be broken up without injury to the 
individual cells. Thus it is possible to obtain suspen-
sions suitable for pipetting, diluting, and plating. 
The cell of a blue-green alga is enclosed by a thin 
cell-wall of cellulose (Klein 1915). The cytoplasm con-
sists of an outer colored portion, the cortex, and an 
inner colorless portion, the central body. Whether or not 
there is a nucleus present is a subject of dispute (Gard-
ner 1906, Haupt 1923) but nobody claims to have found a 
fully organized nucleus. The structure of the cortex is 
also in debate. Whether it should be called a chromate-
phore is a battle of words. The cell pigments are re-
stricted to the cortex and within it may be either dis-
tributed in discrete bodies so small as to be barely 
resolved by the microscope (Hegler 1901, Kohl 1903, cited 
by 
4:fl. Haupt ) or diffused uniformly (Gardner, Haupt). In 
view of the lack of agreement among the authorities, and 
of the uncertainty of the criterion on which the lack of 
agreement is based, it appears to me that the dispute can 
not be settled by direct visual examination of the cells. 
In any case there is a difference in arrangement of pig-
ment~ between the ~yanophyceae and other green plants 
which may be of physiological importance. 
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At least four pigments occur in the blue-green algae 
(Geitler 1925 p.3), chlorophyll, carotin, phycocyanin, and 
sometimes phycoerythrin. Of .the first two no thing need be 
said; their characteristics are not a singularity of this 
research. The last two were first observed by Kutzing in 
1843 (Czapek 1922 p.598) and have been principally studied 
by Molisch, Kylin, and Boresch. Phycocyanin is a blue 
pigment with a wine-red fluorescence occurring in all blue-
green and some red algae. Phycoerythrin is a red pigment 
with an orange fluorescence occurri~g in many blue-green 
and all red algae. As the species with which I work have 
never exhibited reddish tinges, I believe them to lack 
phycoerythrin . Hence I shall discuss only phycocyanin al-
though the two pigments are so similar in all observed 
characteristics except color that a description of one 
fits the other closely. Phycocyanin can be obtained from 
many algae by extraction with water and purified by preci-
pitation with ammonium sulphate (Kylin 1910). Several 
modifications have been observed differing slightly in 
color (Kylin 1931, Boresch 1921). It is a conjugated pro-
tein with a molecular weight of about 200,000 {.Svedberg 
and Lewis 1928, Svedberg and Katsurai 1929) whose colored 
portion can be split off by peptic digestion {Kylin 1910). 
The principal constituent of its ash is calcium, and traces 
of magnesium and iron are also present (Lemberg 1928). 
The absorption spectrum is well known with its maximum at 
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about 615 mJl, and occasionally a second maximum at about 
575 or 550 mµ. While it has been shown that chlorophyll 
and other fluorescent pigments can effect oxygen transfer 
when illuminated in vitro (Gaffron 1927), no such phota-
chemical phenomenon has been found with phycocyanin (Gaff-
ron, unpublished work). 
II. 
Many species of blue-green algae, especially among 
the Oscillatoriaceae,exhibit movements. These may be of 
a locomotive nature, taking place in the direction of the 
axis of the filament, or may be twisting movements, or 
wavings of the end of the filament. The velocity of the 
movement is a function of temperature and the direction is 
deter~ined by photo- and chemotaxis (Pieper 1915). lf a 
mass of filaments is placed on an agar plate, the fila-
ments at the periphery of the clump spread out radially 
and the most active crawl away from the main group. Fila-
ments will even bore through the agar toward the lower 
surface if this is oriented toward a source of light. 
These phenomena have been utilized iri obtaining pure cul-
tures of filamentous Cyanophyceae. Although explanations 
have been offered for the mechanism of the movement, none 
is supported by convincing evidence. (Krenner 1925). 
The gelatinous or mucilaginous sheaths characteristic 
of blue-green algae are an unusually f avorable medium for 
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bacteria. Except when the algae are growing themselves 
as symbionts in other plants (e.g. Anabena Cycadeae in 
roots of Cycas), they probably always support a population 
of bacteria in their sheaths. The bacteria can easily be 
de monstrated by staining in any blue-green algae collected 
at random. The relationship is probably not obligate, as 
an identification of the bacteria shows that they are 
com.non heterotrophic soil bacteria customarily existing 
saprophytically. The fact that blue-green algae will de-
velop in media free of fixed nitrogen has led many to 
ascribe to them the ability to carry on this process but 
the case must be considered as not proved. Nobody has 
yet studied this point with a pure culture of blue-green 
algae, and several forms of nitrogen-fixing bacteria have 
been cultured from the sheaths of various species of blue-
greens. l Jones 1930). 
7. 
Isolation and Cultivation of Blue-green algae 
I. 
Principally to Winogradsky and Beijerinck who first 
developed extensively the methods of isolating and culti-
vating microorganisms and to E.G.Pringsheim who first 
worked with blue-green algae, is due the knowledge of the 
subject now at hand. In the literature may be found ref-
erences to species-pure cultures of several species of 
blue-green algae obtained by various writers, all using 
the technique of Pringsheim. In Mainx's list tJunk 1929) 
of pure strains of algae described in the literature as 
isolated in pure or species-pure culture, out of over 200 
species, 30 are Cyanophyceae. Two points are to be noted. 
First, nearly all the species mentioned are filamentous. 
Second, only 10 are in absolutely pure culture and these 
are all motile forms. 
The mineral require~ents of blue-green algae are 
similar to those of other green plants. Potassium, iron, 
magnesium, phosphorus, sulphur and perhaps calcium are 
necessary. So far as is known the organisms can not as-
similate elementary nitrogen. They will grow in inorganic 
media only in the presence of carbon dioxide and light. 
Although some species will grow at high temperatures (up 
to 75°C, Smith 1933 p.41) there is no reason to believe 
that most species of the class can subsist at temperatures 
conspicuously higher than the usual biological range. 
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Most of these a lgae grow fastest wh en submerged~although 
many species will grow if merely kept in a moist atmos-
phere. 
lt is possible, then, to cultivate blue-green algae 
on strictly inorganic media which will discourage the 
growth of heterotroph ic organisms. Such media are (a.) 
liquid media made of salts dissolved in pure water which 
may or may not be imbibed in sand, gypsum plates, and the 
like and \b.) solid media made up in silica gel. Agar 
may be allowed to stand for . a week or more in several 
changes of tap-water and then of distilled water until all 
of the carbon ~ompounds except insoluble carbohydrates of 
high molecular weight have been oxidized by bacterial 
action and washed away, whereupon it becomes a very un-
favorable medium for heterotrophic organisms, but retains 
the convenient characteristics of ordinary agar. 
The peculiar difficulties of isolating blue-green 
algae are not avoided by the use of these media. Even 
when the colonies of a coccus-form are broken up by shaking 
with sand, micro s copic examination shows that most of the 
resulting entities are small colonies r a ther than indi-
vidual cells. W'nen a suspension so treated is pla ted on 
agar or pipetted on silica gel, the probability of picking 
off a colony which ha s grown fro m a single cell is neglig-
able. Moreover, with ea ch cell, in its gelatinous sheath> 
g oes its a cco mpanying host of bacteria. The bacteria can 
not ordinarily be washed or scraped off by any method 
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harmless to the alga. Pure cultures of several motile 
forms have been obtained \Pringsheim 1913, Schramm 1913) 
by inducing trichomes to crawl through a mass of agar 
toward a source of light. Not only is this method re-
stricted to motile forms but it can be used only when the 
culture conditions are very favorable so that the organ-
ism retains its motility. 
II. 
For the ·study of photosynthesis by the Warburg method, 
a coccus-form alga is essential. Filamentous and other 
colonial algae do not distribute themselves uniformly in 
the medium, but adhere to each other in clumps. The 
gradient in light intensity within the vessel which al-
ready introduces an error into the experiment, under the 
best conditions, now bec-omes exaggerated in each clump 
and there may be added a sharp gradient in gas-tension 
from the outside to the inside. Besides, such algae can 
not easily be manipulated in measurable quantities. So, 
with the requirements of this technique in mind, I set out 
to isolate a coccus~form blue-green alga. 
A suitable organism later identified as a.Gloeocapsa 
or Gloeothece sp. (hereafter referred to as Gloeocapsa) 
was growing in the water of an aquarium in the botanical 
laboratory at Harvard. A few drops of water from the 
aquarium were streaked on agar slants containing a medium 
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devised by Beijerinck, of the following composition: 
NH4N03 0.5 g./l 
MgS04 .7H20 0.2 
KH2Po4 0.2 
CaCl2 0.1 
Fe2tS04) 3 trace 
By repeated streaking on agar slants, colonies of the 
alga were obtained free of other algae. 
Many a ttempts were made to cultivate Gloeocapsa on 
silica gel plates in the hope of freeing them fro m bac-
teria. At first silica gel was made fro m Na2Si03 and HCl, 
but later fro m K2Si03 and H3P04 with the idea that the 
residue of K3P04 after dialyzing would be less toxic than 
~aCl. Hut no growth was obtained on this substrate, what-
ever the medium with which it was imbibed. 
Meanwhile, a species of Oscillatoria was isolated 
from the edge of a colony on an agar pla te and used for 
culture experiments to obtain an indication of a liquid 
medium suitable for Cyanophycea e. The best growth was 
obta ined in media similar to that given above, made up in 
water redistilled from a Pyrex still, but containing 
K2HP0 4 instead of KH2P04, and containing excess of CaC03 . 
Faster growth was obtained at 30° than at higher and 
lower temperatures. When the medium was aerated with a 
mixture of 5% co2 in compressed air much better growth 
occurred than in a stagnant medium. 
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III. 
On the basis of this experience, colonies of 
Gloeocapsa were inoculated into the following medium and 
grew very well. 
~H4N03 o.5 g./l 
MgS04.?H20 0.2 
K2HP04 0.95 
KH2P04 0.05 
Fe2 (S04) 3 0.002 
CaC03 excess 
Tue cultures were aerated and kept at 25°- 30°. 
For NH4N03could be suostituted KN03 without changing 
the suitability of the medium. If commercial distilled 
water was used instead of redistilled water, no growth 
occurred. fhe toxic effect of ordinary distilled water 
ha s been noted previously tPringsheim 1913). 
As the cells could not be freed from the fine precip-
itate of Caco3 in the medium, they could not be used for 
manometric and other experiments. All attempts to make a 
medium without precipitate in distilled water failed. Any 
medium sufficiently alkaline to permit growth precipitated 
a calcium salt. If ca lcium was omitted or added originally 
I . J as celan~ spar, coarsely broken up in a mortar, no growth 
occurred. Powdered sulphur was added to some cultures and 
washed sand to others, to simulate the habitat furnished 
by a layer of precipitate, but no growth occurred in cul-
tures lacking calcium. But a medium made up in Pasadena 
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tap-water, without Caco3, was found to meet the require-
ment and to give better growth than the other media. Al-
though a heavy precipitate formed in this medium during 
auto/claving, it disappeared rapidly during aeration with 
5% C02 in air. The co mposition of the medium finally used 
was as follows: 
KN03 0.5 g./l 
MgS04.7H20 0.2 
K2HP04 0.2 
Fe2tS04) 3 0.002 
The alkalinity of the tap-water makes possible the 
reduction in amount of K2HP04 and the hardness makes it 
unnecessary . to add a calcium salt. 'rhe pH of this medium 
after autoclaving and after equilibrium is attained with 
5% C02 in air, is between 7.5 and 8.0. Although there is 
enough iron in the tap-w~ter to permit rapid growth, the 
cells have a deeper color if iron is added. 
Another coccus form was isolated by the same method 
from water collected in Tujunga Canyon. It has been iden-
tified provisionally as a Chroococcus species. This organ-
ism has been cultivated successfully in a liquid mediu..~, ~ut 
only when the medium is made up in tap-water from Pacific 
Grove, California. Commercial distilled water is toxic to 
it, and no medium so far devised permits growth in redis-
tilled water. Gloeocausa will not grow in a medium of the 
composition given above, if made up in Pacific Grove tap-
water. As these differences in the suitability of differ-
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ent natural waters depend, presumably, on the presence or 
absence of very s mall quantities of substances, I consi-
der that an experimental elucidation of them lies outside 
my field. 
~oth organisms grow best in ligh t of low intensity. 
More will be said of the relation of Gloeocapsa to light 
in a later section. Gloeocapsa grows very well at 30° 
or 35° but Chroococcus will not grow rapidly at .tempera-
tures above 25°. 
Both of these organisms grow well on slants of 
washed agar on which heterotrophic organisms multiply very 
slowly. In this way stock cultures are kept in a cool 
room by a north window. 
The cells are grown in culture vessels made by seal-
ing into the closed-off top of a 300 cc. Erlenmyer flask 
an outlet tube and inlet tube reaching nearly to the 
bottom to permit the passage of a stream of gas. The 
flasks are filled with 225 cc. of medium, the inlet and 
outlet tubes plugged with cotton, and the whole sterilized. 
Each flask is inoculated under sterile conditions with 
5 cc. of dense suspension from an old culture. The 
flasks stand in a glass-bottomed water-bath kept at an 
approximately uniform temperature by regulating the rate 
of flow of water through it. ~elow the bath is the source 
of light which may be one or more incandescent bulbs or a 
neon or mercury glow-tube. 
In the tap-water medium specified above, Gloeocapsa 
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may increase fifteen-fold in three weeks. t his does not 
approach the rate of reproduction of blue-green algae at 
a time of waterbloom, when the upper layers of a pond will 
be filled with a dense suspen~ion of algae in a few days . 
.. l:t'rom my experiments it appears that the conditions for 
good growth are different for different blue-green alga e, ' 
and that the differences can not be referred to variations 
in a single condition (e.g. pH). the conditions for the 
extremely rapid growth of water-bloom will probably be 
worked out some day. Meanwhile, the growth obtained with 
Gloeocapsa is very satisfactory for experimental pur-
poses. iv10reover, it. is much faster than any reported for 
other blue-green algae in pure culture. As growth oc-
curs at a fairly rapid rate in a medium ot strictly 
known co mposition (p. 12) it can be said that the condi-
tions for growth of Gloeocapsa are far better worked out 
than they have been at any time in the pa st for any blue-
green alga. 
IV. 
An experiment was performed to determine the accur-
acy with which cell-samples could be transferred by pi-
petting measured samples of suspension. Six 5 cc. 
samples of a suspension of Gloeocansa were centrifuged in 
a haematocrit. The haematocrit could be read to within 
2 rmn. 3 and within these limits, the six samples had ex-
actly the same volumeo 
In view of the possibility of squeezing water out of 
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the gelatinous sheaths by pressure (Gerard and Rubinstein 
1934), an exp eriment w::i. s performed to see whether the 
cells could be centrifuged to constant volume. A sample 
was centrifuged at several speeds and for different 
lengths of time at each speed. The table and curve below 
give the results. Centrifugal force is expressed in ar-
bitrary units. 
It appeared that at any speed, a constant volume was 
reached if the centrifuging was sufficiently prolonged. 
At the lower speeds this took 15 or 20 minutes. At the 
higher speeds constant volume was attained (within about 
1.5%) in five minutes. By centrifuging at higher speeds 
the volume · could be made smaller, but at the highest 
speeds of the centrifuge, a difference in centrifugal 
force of 20% decreased the volume less than 3%. Curves 
on the following page illustrate these points. It is 
evident that at the higher speeds, small differences in 
duration and speed of centrifuging will not cause appre-
ciable errors. More.over, it is possible to obtain co m-
parable data at any speed by always centrifuging long 
enough. 
.16. 
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A word of description of the organisms used in these 
experiments is in place. As two distinguished taxonomists 
could not agree even on the genus to which one of the or-
ganisms belonged, I shall not l~bor to classify the~. 
The organism referred to as Gloeocapsa is an ellip-
said with dimensions of about 8.5r bY 5.0 P· under the 
microscope it appears granular but no structure can be 
discerned. The cells hardly ever occur singly. Colonies 
from a vigorously shaken suspension contain fro~ two to 
at least sixty cells. The cells are separated by the lam-
inated sheaths which surround each group containing 2n 
cells. The colony, including the sheath has a volume of 
from twice to twenty-five ti~es the total volume of cells. 
fhere is no relation between the ratio 
and the nQmber of cells in a colony. 
volume of colony 
volune of cells 
The cells may be 
blue-green, olive-green, gray-green, yellow-green, le~on-
yellow or rust-brown. 
The organism referred to as Chroococcus is a sphere 
with a di~meter of about 12.5 ¥· It does not form col-
onies. 1 have been unable to observe a sheath, but as t h e 
cells stick to each other and to the walls of a flask 1 
suspect its presence. The cells are inv::iriably of a light 
blue-green color when healthy. 
l?. 
Experiments on Assimilation 
I. 
Methods 
The metabolism of Gloeocansa and Chroococcus was 
studied by the technique developed by Warburg (1924). 
The pressure change caused by the evolution and consump-
tion of carbon dioxide and oxygen by a suspension of cells 
in a sma ll vessel was measured manometrically under the 
a s su mption that only oxygen and carbon dioxide were ex-
changed . The results obtained by this method can not in 
a rigorous sense be accepted unless the assumption is tested 
by gas analysis expertments. However, as the results ob-
tained with blue-green algae do not differ essentially 
from t hose with green algae (e.g. the assimilatory quo-
tient, ~ 002 
Ao2 
, is equal to -1.00 in both forms) which 
have been tested by gas analysis, it is unlikely that in 
the kind of experiment reported here, an error has been 
introduced in the assumption. From the pressure change in 
millimeters of manometer fluid could be calculated the 
actual gas-exchange in cubic millimeters according to the 
following method. A full discussion can be found in War-
burg (1924) or Gaffron (1929). 
If in a Haldane-Barcroft vessel, containing Vr mm.3 
of liquid and Vg rnm. 3 of air-space, an evolution or con-
sun1ption of a single gas, x mm. 3, occurs without change of 
volume (Vg) then the level of fluid in a connected mano-
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meter will change h mm. The quantities x a nd hare related 
by the equation 
v 273 
g T 
p 
when T is the absolute temperature, o( is the Bunsen absorp-
tion coeffi c ient for the gas in question, and P is normal 
pressure expressed in millimeters of the. manometer fluid 
(P ~ 10,000 for Brodies s solution, used in these experi-
ments). The expression in parentheses is chara cteristic of 
(1.) the te mp era ture and ( 2 .) the gas in question. .For any 
one gas a t one temperature it can be calculated with the 
help ot a set of tables. lt is called the vessel constant 
and is represented by k02 , kc 02 , etc. 
In experiments on photosynthesis, pressure change of 
two gases occurs simulta neously. Then 
h :; ho2 + hco2 
= ho2ko2 
- hco2 kco2 
-
and 
In order to determine x02 and x002 , two vessels of 
different volumes are used. In each vessel is put the same 
number of cells, but in the small vessel is put a large 
volume of fluid and into the large vessel a small one. If 
the quantities relating to the former vessel are written 
majuscule and the quantities relating to the latter are 
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written minuscule t h en the following equations hold: 
h 
- ho2+ hco2 
-
xo2 
Xco 2 
Fro m these, the following 
bra ically: 
H_Kco2 ,-
x 
= 02 Kco2 
-
Ko2 
- xo2 
-
- Xco 
- 2 
Xco2= Hco Keo 2 2 
H 
= Ho2 + Hco 2 
equations can be derived 
h kco~ 
kco2 
--
ko2 
alge-
The quantities h a nd H can be observed, the vessel con-
s t ants ca n be calcula ted, and th~ volumes of co2 and o2 
evolved or consumed are determined. 
These equations can be used only for solutions not 
buffered for carbon dioxide. In solutions buf f ered for car-
ban dioxide such a s Warburg's carbonate-bicarbo nate mix-
tures (see below) no changes in pressure result fro m 
changes in t he concentration of carbon dioxide, within cer-
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tain limits. Then 
xo2 = ko2 h 
As respiration is assumed to go on in the light at 
approximately the same rate as in the dark, removing 
oxygen and evolving carbon dioxide, it is necessary to 
correct readings obtained in the light by adding (with 
changed sign) the readings for equal periods in the dark. 
That respiration is greater after a period of illumination 
than after a long period in the dark has been demonstrated 
by a number of writers (Warburg and Negelein 1922). How-
ever, although this increase rnay be large relative to the 
rate of respiration (perhaps as much as 100%, van der 
Paauw 1932), as the rate of respiration is only about 3% 
of the rate of photosynthesis, the error introduced is 
small in experiments done at light and carbon dioxide sat-
uration. Moreover, if the dark readings are always taken 
soon after the light readings, a more nearly correct 
value for the respiration is obtained. This was the pro-
cedure in all experiments reported here. In the absence of 
any method for measuring the two processes separately when 
they occur simultaneously, this is the most economical 
assumption. 
Usually 8 cc. of cell suspension was used in a rect-
angular vessel with a capacity of about 13 cc. The cells 
were centrifuged out of the culture medium, washed in the 
medium in which they were to be studied and suspended in a 
fresh lot of the medium. A large number of media were 
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tried and most discarded . Media containing tap-water were 
found unsuitable because they were partially bufferred for 
carbon dioxide so that pressure changes were not related in 
a calculable manner with changes in the concentration of 
the gas. l\liedia containing co rmnercial distilled water were 
found to be very toxic, causing a rapid fall in photosyn-
thesis. A medium containing KH2Po4 , M;gS04 , and KN03 in 
the same amounts as the culture medium, made up in redis-
tilled water and saturated with 5% co2 in air was very sat-
isfactory fro m the point of view of the cells. However, 
. such a medium is cumbersome compa red with Warburg's ca rbon-
ate-bicarbonate mixtures, especially because it prolongs 
greatly the necessary time of preparation for each experi-
ment. Another objection to it will be pointed out later. 
Mixtures of ¥o carbonate and bicarbonate of pot~ssium made 
up in redistilled water caused a slow fall in photosyn-
thesis. .tlowever when !'L instead of !,__ mixtures were 
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used, and MgS04 and KN03 were added to the medium, photo-
synthesis usually remained constant, or increased a little 
for several hours. ln the more basic mixtures, and occa-
sionally in the others, a slow fall occurred after the 
first quarter hour. Evidently this medium may be consi-
dered as ba rely meeting the requirements of the cells, and 
very slight va riations of an unknown nature are sufficient 
to cause damage. Curves illustrate the poin t s above~ 
.Nearly all of the work was done at 30° C in a thermo-
s t a t which kept the temperature within o.o5°G. The ther-
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mostat is constructed with overhanging shoulders provided 
with glass bottoms beneath which lights ca n be placed. 
The distance from the bottom of a vessel to the source of 
light may be as small as 8 c m. or larger if desired. For 
most of the work, a row of 60 Watt or 100 watt lamps set 
close together on a board was used for the light source. 
The number of bulbs should be at least two more than the 
number of vessels used in order that the end vessels may 
receive as much light as the center ones. For varying the 
light intensity, Wratten neutral filters were used, 
fastened to the bottoms of the vessels whose tops and sides 
were shielded with jackets of copper foil. 
'l'he method of varying carbon dioxide concen tra ti on was 
essentially that of Warburg. Potassium carbonate and po-
tassium bica rbona te in M 
20 
solution were mixed in differ-
ent proportions. The dissociation of these compounds fur-
nishes dissolved carbon dioxide in different concentra tions, 
depending on the proportion of carbonate and bicarbonate 
present. From the equations for the first and second dis-
sociation constants of carbonic acid can be derived the 
equation: 
K 
2 
[KHC03] 
(K2C031 
where 
o( i s the degree of dissociation of the bica.rbona te and/3 
is the degree of dissociation of the ca rbonate, that is 
23. 
and 
0(. 2 
The oonstant quantity K ~ 
[ C03 = J 
[K2C03] 
varies with the total concen-
tration of potassium and the temperature. While Warburg 
. ~ 2 ll919) gives values for the quantity K ~- for different (3 
mixtures (of sodium carbonate and bicarbonate) and diffe:r--
ent temperatures, the values of this quantity are in ques-
tion. In recent years other methods of calculating the 
concentration of carbon dioxide in such mixtures have been 
developed which depend on more accurately known constants. 
The values for carbon dioxide concentiation differ from 
Warbtirg's. Since these differences are due, in 
d.. 2 differences in the value of KT' the relative 
effect, to 
concentra-
tions as given by Warburg are likely to be correct. 
Besides the advantage of easy manipulation, the car-
bonate mixtures possess the characterist~c of being buf-
fered for carbon dioxide. i.il/hen one molecule of carbon 
dioxide is used up two molecules of bicarbonate decompose 
to form carbonate and carbonic acid • . 
Within limits which ca n be calculated (Warburg 1919), the 
only changes in pressure which occur are due to consumption 
and evolution of oxygen. This approximately doubles the 
size of the manometer readings and hence doubles the accur-
acy of the experiment. Moreover, it makes it possible to 
work at low carbon dioxide concentrations with the assur-
24. 
ance that the concentration will remain approximately con-
stant for a period long enough to permit a series of read-
ings. A small sample of a neutral solution saturated with 
carbon dioxide at a low partial pressure will lose all of 
the gas in a few minutes. 
Objection is made to the use of these mixtures (van 
den Honert 1930) on the ground that in the different mix-
tures the cells are exposed to high and varying alkalini-
ties. Experiments done in this laboratory have shown that 
this is a minor effect in all the organisms tested and can 
be neglected,at least in the range of carbon dioxide sa t-
uration. 
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II. 
Experiments 
In the study of photosynthesis, as of many other vital 
processes, the most useful tool is a determination of the 
variations in rate with changes in each of a number of con-
ditions. The principal external factors controlling the 
rate of assimilation are (l.J light intensity, (2.) tem-
perature and (3.) partial pressure tor concentration) of 
carbon dioxide. The only internal factor on which we can 
lay our hands at present is chlorophyll concentration. 
When a leaf or a suspension of algae is illuminated, 
at a reasonably high temperature and in the presence of 
plenty of carbon dioxide, with different light intensities, 
it is found that the rate of assimilation is proportion~l 
to the intensity at low intensities, but becomes constant 
at high intensities. When, now, the tempera ture is varied 
as well, it appears that photosynthesis is a function of 
temperature at high light intensities but at low light 
intensities is independent of temperature. The meaning of 
this set of facts was recognized by Blackman but most 
clearly stated by Warburg (1925). ~amely, in the reduc-
tion of carbon dioxide by a green plant, at least two pro-
cesses occur, one following the othero One is a photo-
chemical process, dependent on the light intensity but hav-
ing, a.s most such processes have, a low te mperature coef-
ficient. The other is a chemical process, sensitive~ 
26. 
to te mperature but independent of light. At the present 
time a wealth of evidence of va ried sorts has accumulated 
to support this interpretation. This is the touchstone 
by which we will first test the nature of the assimila-
tory process io blue-green algae. 
follo"" ' " ~ 
On the opposite page are the curves relating photo-
synthesis in Gloeocapsa to temperature at two light inten-
sities. It differs in some respects from the typical 
curve for leaves of cherry laurel as found by Blackman 
and Matthaei ll905, cited lf; Stiles) and for Chlorella as 
found by Emerson (1929). 'l'hese authors found an S-shaped 
curve at high light intensities, while the curve for 
Gloeocansa shows no si gn of becoming fl a t at the top. 
However, as it has been found lately that Gloeoc apsa will 
grow wel l a t 40°, it is possible that if the curve had been 
determined above 33°, it would have flattened out. The 
curve for Chroococcus plotted on the same page has the 
sa.. me. -::, ha_ p@ 
~A?l=!S st~. Chroococcus will not grow well at temper-
atures much above 25°. The most remarkable fe a ture of the 
curves for Gloeocapsa is the small difference between them. 
The light intensity called 100% was found in another ex-
periment to be barely saturating and the ratio between 
photosynthesis in 100% intensity and in 10% intensity at 
0 . 2 
30 was about the same as in this experiment, namely l . 
An experi ment with Chlorella (Emerson, unpublished work) 
in which these quantities had about the same values show~d 
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that above 12°, photosynthesis in low intensity light was 
not a function of temperature. In Gloeocapsa, in low in-
tensity light, photosynthesis is a function of temperature 
up to 28°. 
The data for many biological processes have been 
plotted in term·s of the e mp irical equation proposed by 
Arrhenius to relate rates of chemical reactions to the 
te mpera ture. (See Crozier and Steir 1927, and other pa-
pers by Crozier and his collaborators.) The equation is 
used in the form 
- i2) 
where R1 and R2 are the rates at the absolute te mpera-
tures T1 and T2 , R is the gas consta nt in calories per 
degree, and p is, for chemical reactions, the heat of 
activation. 'l'he data for Chroococcus and for the curve 
at high light intensity for Gloeocapsa have be en plotted 
in these terms. The Chroococcus curve is similar to the 
curve s found for Chlorella {Emerson 1929). the value of 
p dro ps fro m 29,000 at the higher temperatures to 8,300 
at the lower temperatures. The curve for Gloeocapsa, 
however, although determined over a greater range, is 
approximately a straight line with a slope of about 
14,700. lt should be noted again, that if the curve had 
been extended above 33°, a sharper curva ture might be ex-
pected at the upper end. 
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The relation of assimila tory rate to light intensity 
at high temperature and carbon dioxide conc entration is 
shown by the accompanying curve s . The curve for Gloeo-
. 0 
capsa, made a t 30 ha s no remarkable feature s . It fol-
lows very closely the curve for Chlorella a s found by 
Warburg \1919 ) and those for leaves of lJ l rnus a nd Sam -
bucus as found by Willsta tter a nd Stoll ll918 J. t he 
curve for Chroococcus made a t 25° shows tha t in this alga 
light s a turation is rea ched only at a high intensity. 
These cells were cultivated in light of low intensity and 
co n t a i ned a great dea l of pigment. Judg ing by experi-
ments on Gloeocapsa (described below), increa ses in 
chlorophyll are paralleled by increases 'in phycocyanin. 
I f phycocyanin takes no pa rt in the p ro ces s of assimila -
tion and is present in large quantit i es in the cell, t his 
is the shape of curve t hat would result. So me curves 
made for Gloeocapsa have suggested the same eff ect, but 
as there a re r easons for doubting their accuracy, I do not 
include the m. However, this is a point which will bear 
further investiga tion. lf time had p er mi t te d , I should 
ha ve investiga ted the curve for assimilation in dif f erent 
intensities of white a nd of blue light, for bl ue and 
yellow cells of Gloeocansa (concerning the se cells, more 
will be said in the nex t chapter.). lf the blue pigment 
t akes no pa rt in photosynth esis we should expect tha t light 
s a tura tion would be r eac ned only a t a hi gh va lue in white 
light, but at a lower va lue in blue light which is lit t le 
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absorbed by phycocyanin. On the other hand, yellow cells 
conta ining no phycocyanin should be saturated at low in-
tensities in both white and blue light. 
The relation of the rate of photosynthesis in Gloeo-
capsa to the concentration of carbon dioxide is shown by 
the curve on the following page. It does not differ fro m 
the curve found by Warburg (1919) for Chlorella. vvarburg 
interprets the shape of this curve a s showing that the 
rate of assimilation is proportional to the c.oncentra ti on 
of carbon dioxide and also to the amount of a substance 
within the cell with which the carbon dioxide combines. 
If A represents the total amount of the substa nce in the 
cell, x r ep resents the amount uncombined, and A-x rep-
resents the amount combined with carbon dioxide, then by 
the mass action law, 
[ c0zj · x 
-
-
K 
A 
-
x 
'I'he curves found by van den iionert and van der Paauw 
dif f er fro m this. ihey show photosynthesis a s a linear 
function of ca rbon dioxide concentration until s ~ turation 
is ~lmost reached. ~rom this the authors argue tha t the 
process by pa rticipation in which, ca rbon dioxide becomes 
a limiting factor, is diffusion. This phenomenon may be 
a n artifact depending on their technique which did not 
include the precaution of saturating the mediwn with gas 
at the beginning of the experiment. The curve for Gloeo-
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c~psa indicates that the relationship can better be ex-
plained by Warburg 1 s theory. 
C02 The photosynthetic quotient, is a quantity 
02 
of some importance because it gives an indication of the 
nature of the product of ~hotosynthesis. From the equa-
tion 
it is evident that if the product is a carbohydrate, one 
molecule of oxygen will be produced for every molecule 
of carbon dioxide conswned; that is, the photosynthetic 
quotient will be -1. Likewise, if a fat is the product, 
.t'1e. be.i.,.ee 0 o...,., J. - l 
the quotient will ~esg~=t:ll;g;rrt)rre. ~he work of 
Bonnier and M:ang in (1892, cited;& Spoehr) and of Will-
statter and Stoll (1918) has shown that for a large num-
ber of plants the quotient is -1. For GloeocaQsa, at 
different times the following values have been obtained: 
-0.95 , -1.06 -1.00 
For Chroococcus,all the determinations gave larger 
values: 
-1.09 -1.12, -1.16 , -1.17 
As the errors of the determination by the Warburg method 
are large, variations are not surprising, but variations 
all in one direction demand inspection. In the case of 
Chroococcus, at least, the values should be checked by 
gas analysis. 1 t has been found by microchemical tests 
31. 
(Gard/ner 1906) that the cells of Cyanophyceae conta in 
glycogen instead of starch. From this we might expect the 
photosynthetic quotient to be -1. no information is 
available on the presence of sugar in these organisms. 
Another quantity of interest,v' is the rate/ of photo-
synthesis by a unit volu11e of cells in unit time. This 
can be defined as the number of cubic millimeters of ox-
ygen evolved by ten cubic millimeters of cells in one 
hour. The photosynthetic activity varies greatly from 
culture to culture depending on the amount of chlorophyll 
in the cells. The difficulty of obtaining cultures of . 
Gloeocapsa with the same amount of chlorophyll per cell 
will be explained in the next chapter. For dark cells, 
containing a large amount of chlorophyll, values of 16.5 
and 19.6 have been obtained. These va lues are about one-
tenth and one-sixth as large as values given by Emerson 
(1929) for Chlorella containing large amounts of chloro-
phyll. However, as noted above the total volume of cells 
is only a small fraction of the total volume of a colony, 
when its sheath is included. 'rhe latter is probably the 
volume measured in centrifuging. Hence t he actual volume 
of living material is much smaller than the experimental 
value indicates, and the photosynthetic activity per unit 
volume of living material is correspondingly larger. 
32. 
I I.l. 
From these experiments it appears that the photosyn-
thetic process in Gloeocausa and Chroococcus is fundament-
ally like that in other green plants. The existence of a 
photochemical reaction and a Blackman reaction is demon-
s tra ted. From the tempera tu re curves one can predict that, 
relatively to the photochemical reaction, the Hlackman 
reaction is slower in Gloeocausa than in,· for example, 
Chlorella. vr to put it the other way, relatively to the 
Blackman reaction, the photochemical reaction is faster in 
Gloeocapsa than in Chlorella. This may be a result of the 
different arrangement of chlorophyll, but the relation is 
not made plain by a single experiment. The thick gelatinous 
sheaths, by increasing the length of the path along which 
carbon dioxide must diffuse, might raise this process to 
the status of a limiting factcir, but the curve relating 
assimilation to carbon dioxide concentration indicates that 
this is not so. 'rhe intensity curve for Uhroococcus and 
some unpublished curves for Gloeocapsa indicate that light 
saturation occurs only at high intensities. This would be 
the case if the light reaction were slow relatively to the 
Blackman reaction. 
-rh;3 ~ 
JAn-. • i,., tl . t t 
.rttlCu, appar~n y, is no rue. I offer 
as explanation that the blue pigment,when present in large 
amounts)can accomplish this. lf it does, it can not be said 
that is has a function in photosynthesis. 
33. 
The Colors of Blue-green Algae 
r. 
An ancient question which perhaps has an answer is, 
"Why is grass green?" It seems likely that some progress 
may be made toward answering it by finding out why some 
plants are not green. The different classes of alga e have 
characteristic colors and in two of the classes, the Rhod-
ophyceae and the Cyanophyceae, the colors of members of 
the same species tor even individuals) vary considerably 
under different environmental conditions. Three princi-
pal theories have been proposed to account for the colors 
and color changes of algae. 
a Engelm~nn (1883) observed the rate of assimilation of 
several kinds of algae in light from the different parts 
of the spectrum. He concluded that they assimilated 
fastest in light of a color co mplementary to their own and 
suggested that this effect controlled their distribution 
in nature. Gaidukov (1902) cultivated Cyanophyceae in 
light from different parts of the spectrum and found that 
they assumed a color approxi mately com:ple rnentary to that 
of the light in which they were grown. This important 
a 
amendment to the ideg, of Engel 'n~nn he called "complemen-
tary chromatic adapt9.ti on ." According to Engelmann's 
theory, red algae grow better than other algae in deep 
water, because they assimilate faster in the blue light 
which alone penetrates the sea to a considerable depth. 
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According to Gaidukov's theory, a cya nophycean trans-
pla nted to deep water wi ll turn red tor its offspri ng/ will 
be red). At the present day, the principal supporter of 
t he theory is Harder ll9 22 , 1923) who, for red and blue 
Cyanophyceae, confirms the findings of both Engelma nn and 
Gaidukov. 
Oltmanns (1893) grew marine algae in light of differ-
en t colors and light of di fferent intensities and con-
cluded tha t the differences in the color of the algae de-
pended principally on differences in the intensity of the 
li ght. ~adson lWhose papers are, unfortunately, unavail-
able; cited in Harder 19 23 , Schindler 191 3, and elsewhere) 
observed Cyanophyc eae growing under natural conditions and 
cam e to the same co nclusion. The assimilat io n of red and 
green algae in ligh ts of different colors and intensities 
led v. Richte r (1 912 ) to the conclusion that the pigments 
other than chlorophyll took no part in photosynthesis. a nd 
hence, the theory of Enge l ma nn was f a lse. At the present 
time, the theory .of Oltmanns has no distinguished suppor-
ters. It is either omitted or mentioned slightingly in all 
of the standard textbooks. 
A third proposal was made by Schindler tl913) on the 
b~sis of expe ri ments on the cultiv~tion of Cyanophycea e. 
He found tha t in ligh t of any color, old cultures bega n to 
fade and that renewa l of the nedium, or mere addition of a 
35 .• 
nitrate restored the original color. He pointed out that 
the light intensity influenced the rate of growth of the 
organ ism and by thus chang ing the r~te of depletion of the 
medium, hastened the initiation of fading . He found that 
light color was without influence. Horesch tl9 21) found 
that the concentration of both nitrate and iron in the 
medium influenced the color of Cyanophyceae. This theory 
which first appeared in a paper by Magnus and Schindler 
(1912) is generally accorded credence, but the denial of 
an influence of color is usually discredited. 
T}fe methods of the s e experimenters will bear inspec-
tion. In the first place, the culture experiments of 
Gaidukov, Harder (1922), and Schindler lasted for months. 
During such periods, Schindler alone obtained considerable 
growth. Gaidukov perfor~ed his experiments on ~icroscope 
slides where .one would expect little growth. The majority 
of Harder's colonies died during the experiments. Horesch 
completed his experiments in periods rang ing from three 
days to three weeks. During this time he obtained consid-
erable growth, except when he started with chlorotic col-
onies. It is immediately appa re nt that t hose authors who 
ascribe the important role in color changes to nutrient 
factors are the ones who have mastered the techni que of 
cultivating the organisms. 
The light sources used for culturing, with or without 
color filters, were full sunlight , a 111ernst lamp,and 
36. 
diffuse daylight. Some of Harder 1 s experiments were con-
ducted in black boxes open at one end. Ihis end was cov-
ered with a colJr filter and directed toward a north 
window. ln such exceedingly weak light an intensity gra-
dient is probably not important. Schindler, Oltmanns, and 
~~dson obtained an intensity gradient by using full sun-
li gh t and diffuse light. Gaidukov took no account of the 
different intensity of light emitted at different wave-
lengths by all ordinary light sources. 
The experi ments on the assimilation of colored algae 
in colored li ghts are at present outside ~y province. 
I I. 
While cultivating Gloeocausa in the fashion described 
ea rlier in this paper, I observed that the cultures varied 
considerably in color. When grown in bright light, they 
were li ght green and when grown in dim light they were 
dark green or blue-green. In addition, old cultures often 
beca;ne yellow-green or yellow. ln an at tempt to has ten 
the growth of a culture, I put it in a bath about 10 c m. 
from a 100-watt incandescent bulb. In ten days it had 
turned yellow. Replaced in the usual cultu r e bath at a 
distance of 25 cm. fro m a 40-watt bulb it became blue-
green in 48 hours. The process was repea ted several ti~es 
with the same and other cultures. Cultures have since been 
37. 
grown at a distanc e of 8 cm. fro m a 200-watt bulb, in 
which ca s e they beca~e yellow-brown (or buff-colored) in 
three days. 
As the spectral distribution of light differs some-
what in incandescent bulbs of different brightness, it is 
desirable to distinguish between the possible effects of 
color and intensity. For this purpose, severa l additional 
sources of light were used. A mercury glow-tube operated 
by a 15, 000 volt, 30 11illia ~npere neon sign transformer 
furnished low intensity blue light. A hot-cathode mercury 
glow-tube operated by a 600 volt 1 ampere transformer fur-
nished high intensity blue light. A neon glow-tube oper-
ated by t he 15,000 volt transformer m+en J igt±t furnished 
high intensity red light and a si milar tube screened by 
severa l layers of filter paper furnished low intensity 
rec! 
~e light. These are by no neans sources of monochroma-
tic li ght, but the neon tubes enit no ligh t of wave-
leng th less than 500 mp while practica lly all of the ener-
gy of the mercury tubes is enitted at wave-lengths below 
580 mp. Neither is the tota l energy emitted equa l in the 
different sources of bright light or in the different 
sources of dim light. lt appeared that these differences 
were without significance for the chief results of the 
experiments. 
In li gh t of a ll colors, the results were si 11i lar; in 
bright ligh t the cultures became yellow or yellow green and 
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in di m light they were dark blue-g reen. There was no in-
dication of co '.Ilplernenta ry chro rn8. tic adapt8. t ion. centri-
fuged masses of cells always had the same color as the 
original suspensions, so no question arises of the rela-
tion of the color of a suspension to its density. ln the 
absence of a satisfa ctory standard color scale, a verba l 
description of the colors must suffice. 
As .Boresch ll921J has g iven data on the amounts of 
blue, green, and yellow pigments in cells of ~hormidium 
grown on different concentrati ons of iron, it would be 
desirable to give the same data for these cells. ~nfor­
tuna tely, no method descri bed in the literature for ex-
tracting phycocyanin has been found to succeed with ~loeo­
cap sa. A determination of the chlorophyll content was 
made a t the end of e':ich experiment. A 111easured volume of 
cells was washed with distilled water and ex tracted com-
pletely with methyl alcohol. The extract was made up to a 
standard volume and the ex tinction coefficient de termined 
.spectrophotometrically in ligh t of wave-length 659 !Ilp. from 
a neon tube. Work done in this laboratory (Emerson and 
Arnold 1932) makes it possible to calculate the concentra-
tion of chlorophyll in methyl alcoholic solution from this 
extinction coefficient. Th e tabl .e below gives the re-
sults expressed as 'Tioles of chlorophyll in 1 mm~ of 
cells: 
I 
_J 
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Illuminat~on -- - ~ .. ;\[~-le~ chlorophy~l-- ~-n -1 :nm~ ce1-i~---1 
- ·~ .. --==--==j=-------=::.c:.._·;:_-=· =:===-:::=-...:-.:::__ -=:·.:c.-:. -~-~""'. .. - --··-1 
high o.656 x lo- 10 
White '- - --··-· - -
low 2.76 x 10- 10 
Blue 
Red 
high 
low 
1.14 x 10- 10 
i. go x lo- 10 
1.28 x lo- 10 
2 ."o 6 x _1_0_ 10-
· h · ' j ·o·--. -676 _x_ l __ o. -ro· - -·--·-·--·-
rfa~" -·.~~ ' ___ -=l. 73 x 1o=ro _ _ _ 
It is evident that in every case there is less chlor-
_ _J 
ophyll in the cells grown in bright light. The order of 
magnitude of the experimenta l error is indicated by the 
figures for two separate experinents in blue ligh t. 
Ex traordinary precautions were found necessary in 
naking and handling methyl alcoholic extracts of Gloeocausa. 
If a measure:nen t W'lS made irnmedi:;i, tely after extraction and 
another several hours later the extinction coefficient was 
:f;ound to ha ve fallen. After twenty-four hours, it had 
f a llen to one half its original value. If the extract was 
kept in the refrigerator, the extinction coefficient fell 
only a little in twenty-four hours. Boiling the extrac t, 
and keeping it in a full fl a sk tightly stoppered to pre-
vent the entrance of oxygen, did not prevent fading . For 
practical purposes, the proble~ was solved by three exper-
i me nts. The extinction coefficient of a fre sh ex tract was 
de ternined and the ex:trac t divided in to three samples. One 
was left on the laboratory bench. One was put in a tightly 
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covered ca n in the laboratory. One was put in the cold 
room a t 0.5°, close to a 25 watt lamp. After twenty-four 
hours, the s amp les exposed to light at roo m temperature 
and at 0.5° had faded considerably. The sample kept in 
the dark at ro om temperature had the same extinction co-
efficient as on the previous day. Photochemical destruc-
t ion of chlorophyll in crude alcoholic extract is a well-
known phenomenoo(Willstitter and Stoll) but such a r ap id 
destruction is not reported in the literature . In making 
extra ctions after this, all extracts and fractions were 
kept in the dark as much a s :possible. 
Wh en :me,thyl alcohol was added 'to blue-gre en cells, 
thej became. greenish brown in a few seconds. Th is also 
occurred with ethyl alco hol and acetone. After the ex-
tra ction was comulete (as shown by the lack of color of 
the a lcohol used for the final washing) the cells which 
had been blue-gre en were left purple while the cells 
which had been yellow were wh ite. I consider t h is color 
to be an indication of the phycocyanin orig inally in the 
cells. I have not found in the literature any mention of a 
r eac ti on be twee n pure phycocyanin and alcohol. 
To determine whether temperature had an effect, cul-
tures were grown ~t 20° and 30° in low intensity blue 
light. No difference in color was appa rent. Cultures 
ha ve since been g rown at 40° with no evident cha nge . A 
slight dif f erence i n chlorophyll concentration was found, 
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~ tobably lying outside the experimental error. 
I Tempera tur~--l-- Moles chlorophyll in 1 mm~ cells -I 
'l=t= =====--==t~=- ·-'--=-==- -==-=·=----=-=~=.,.==--= =-·--
1 30° : 2.49 x 10-10 
l'---
1 
2.06 x 10- 10 
- --
In view of the work of Schindler and Boresch, it was 
necessary to determine whether differences in the compo-
sition of the medium had an effect. Cultures were made up 
containing different amounts of iron. Low concentrations 
of iron prevented the formation of pigment, and made the 
cells lighter (yellower, or less blue) than cells in nor-
mal medium. The changes in chlorophyll concentration 
were marked. 
I 
I 
I 
I 
Experimental 
Conditions 
High Intensity 
W'.ai te light 
Fe 
li'e 
2.8 gig ./1. 0. 446 x 10-10 
I 10-10 trace 0.0'744 x 
- -
L __ 
I 
I -----·-:-.. 10 - -----
mg ·!:1~· t 1. 28 High Intensity .Fe 2 .8 x lo·· Blue light 
I Fe trace 0.194 x 10-10 
- ----- ----
However, it is not to be though that an impoverish-
ment of the medium occurred in the other experiments. In 
bright light, the number of cells doubled in about three 
days. The experiments were usually concluded at this 
time. A three weeks culture in dim light contained fif-
teen times the number of cells inoculated into it, and 
was still dark blue-green. I have no figures on the con-
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tents of older cultures, but similar cultures under the 
same conditions usually g row for at least five weeks be-
fore they begin to fade, or become less active. 
From these experiments it seems clear that no such 
phenomenon as co mp le :nentary chromatic adaptation occurs in 
Gloeocansa. Although this alga probably does not contain 
phycoerythrin as do all the algae on which similar exper-
e iments have previously been done, it seems probabl"°" that 
the laws governing it, govern also the other algae. The 
conditions chiefly controlling the concentration of pig-
ment in Gloeocansa are the co -nposi tion of the medium and 
the intensity of incident light. Temperature may have an 
effect and so may the color of the incident light, but 
these effects j}Ust be minor. 
I II. 
The theory of "Engelmann and Gaidukov is accepted as 
true by the majority of textbooks, and so I judge, it is 
commonly accepted by botanists. No w that the record of 
my experiments casts serious doubt on the theory, I wish 
to attack it on theoretical grounds. This attack is a 
simple and reasonable one but in the extensive literature 
on the relation of plant color to light, it has nowhere 
appeared. 
4 3. 
If there is in a plant a photoactive pigment, or 
pigment-complex, which has a high absorption in, let us 
say, blue but not in yellow, then when this p lant is 
exposed to blue light it will grow rg,pidly but when ex-
posed to yellow light it will grow slowly. The production 
of the pigment or pigment-complex may itself be a photo-
chemical process or a chemical process, but in either 
case it is evident that the faster the cell grows, the 
lower will be the concentration of the pigment or pig~e nt­
complex. Then when the plant is exposed to light rich in 
t he rays which its pigment or p igment co mp lex a bsorbs 
strongly, it will be poorly pigmented but when it is ex-
posed to light of color not complementary to its own it 
will be richly pigmented . To this extent we can expect 
a specific effect of wave-length on plg,nt-color, and it 
is in exactl y the opposite direction fro ,n co mp lementary 
chromatic adaptation. The process described is analogous 
to the processes occurring in sun and shad e Dlants. 
Plants do not develop chlorophyll richly when gi~en plen-
ty of light, but when given little. As a coroll~ry we 
may add tha t as the differences in the extinction coef-
ficients of plant pigments are small over the whole range 
of visible ligh t Jcompared with the differences in inten-
sity under which a plant will g row, we should expect 
p lant pigmentation to dep end little on color and much on 
inte nsity. 
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The argument a s I present it is perhaps too much sim-
plified. Th e pro 'ole;n is complex and not all of its com-
pl exi ti es are understood. ~ ever the less, I believe that 
a kernel of truth is here. 
Although the subject of plant colors does not attract 
much attention at present, it should be subjected to the 
same scrutiny whi ch is applied to more fashionable sub-
jects. The Engelmann-Gaidukov theory is a kind of magic 
and should be cast out of the body of science. 
summary 
Two coccus-form species of blue-green algae have 
been isolated in species-pure culture and cultiv~ted on 
a number of solid and liquid media. For one species, a 
medium of strictly-known composition has been developed. 
The principal characteristics of the process of 
assimilation in these algae ha ve been studied by the man-
ometric method. The process is essentially like that 
in other green plants. The shape of the curve relating 
assimilation to light intensity gives an indication that 
the blue-pigment of the Cyanophyceae does not take part 
in photosynthesis. 
A study of the relation of the color of a blue-green 
alga to environmental conditions shows .that the color 
depends principally on the chemical constitution of the 
medium and the intensity of incident light. Temperature 
and light color may have minor effects. 
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